Signal peptide-CUB-EGF domain-containing protein 2 (SCUBE2) belongs to a secreted and membrane-associated multi-domain SCUBE protein family. We previously demonstrated that SCUBE2 is a novel breast-tumor suppressor and could be a useful prognostic marker. However, the role of SCUBE2 in breast-cancer cell migration and invasion and how it is regulated during the epithelial-mesenchymal transition (EMT) remain undefined. In this study, we showed that ectopic SCUBE2 overexpression could enhance the formation of E-cadherin-containing adherens junctions by b-catenin-SOX-mediated induction of forkhead box A1 (a positive regulator of E-cadherin) and upregulation of E-cadherin, which in turn led to epithelial transition and inhibited migration and invasion of aggressive MDA-MB-231 breast-carcinoma cells. SCUBE2 expression was repressed together with that of E-cadherin in TGF-b-induced EMT; direct expression of SCUBE2 alone was sufficient to inhibit the TGF-b-induced EMT. Furthermore, quantitative DNA methylation, methylation-specific PCR, and chromatin immunoprecipitation analyses revealed that SCUBE2 expression was inactivated by DNA hypermethylation at the CpG islands by recruiting and binding DNA methyltransferase 1 during TGF-b-induced EMT. Together, our results suggest that SCUBE2 plays a key role in suppressing breast-carcinoma-cell mobility and invasiveness by increasing the formation of the epithelial E-cadherin-containing adherens junctions to promote epithelial differentiation and drive the reversal of EMT.
INTRODUCTION
Signal peptide-CUB (complement protein C1r/C1s, Uegf, and Bmp1)-EGF (epidermal growth factor) domain-containing protein 2 (SCUBE2) belongs to a novel secreted and membrane-associated SCUBE protein family Yang et al., 2002) . SCUBE genes are evolutionarily conserved from zebrafish to humans (Grimmond et al., 2000; Grimmond et al., 2001; Hollway et al., 2006; Kawakami et al., 2005; Tsai et al., 2009; Woods and Talbot, 2005; Wu et al., 2004; Yang et al., 2002) . Three distinct members have been isolated and designated SCUBE1-3 by the order of their discovery (Grimmond et al., 2000; Grimmond et al., 2001; Hollway et al., 2006; Kawakami et al., 2005; Tsai et al., 2009; Woods and Talbot, 2005; Wu et al., 2004; Yang et al., 2002) . These SCUBE proteins contain ,1000 amino acids and are organized in a modular fashion with five distinct domain motifs: an NH 2 -terminal signal peptide sequence, followed by nine copies of EGF-like repeats, a spacer region, three cysteine-rich motifs, and one CUB domain at the COOH terminus (Hollway et al., 2006; Tsai et al., 2009) . When overexpressed, SCUBE2 is a secreted glycoprotein that can form oligomers and is stably anchored on the cell surface Yang et al., 2002) .
Large-scale microarray gene expression analyses have revealed a signature set of genes that can predict breast-cancer prognosis (Paik et al., 2004; Paik et al., 2006; Perou et al., 2000; van't Veer et al., 2002; Wang et al., 2005) . However, few genes overlapped in these assays, and only a few of the breast-associated genes have been validated at the protein level. Interestingly, a cross-platform comparison of breast-cancer gene sets from these profiling studies revealed SCUBE2 as the only common gene (Fan et al., 2006) , so SCUBE2 must have important roles in breast-cancer progression. Consistent with this finding, quantitative RT-PCR analysis of the expression of SCUBE2, along with that of 15 other breast cancer-related genes, has been clinically used in the Oncotype DX Breast Cancer Assay to calculate the 'recurrence score' for predicting the likelihood of breast-cancer recurrence in early-stage, node-negative, estrogenreceptor (ER)-positive breast cancers (Kim and Paik, 2010; Sparano and Paik, 2008) . Despite the clinical utility of SCUBE2 mRNA expression in guiding adjuvant treatment for breast tumor patients, little is known about the biological functions of SCUBE2 in breast cancer progression.
Our recent clinical association studies with anti-SCUBE2 immunohistochemistry showed that patients with SCUBE2-positive tumors had better disease-free survival than those with negative tumors . Multivariate analysis confirmed SCUBE2 protein expression as an independent prognostic factor of disease-free survival ).
Further domain and functional studies demonstrated that SCUBE2 could be a novel breast-tumor suppressor through its N-terminal EGF-like repeats or C-terminal CUB domain (Lin et al., 2011) . Our molecular and biochemical analyses showed that the C-terminal CUB domain could directly bind and antagonize bone morphogenetic protein activity in an autocrine fashion, whereas the N-terminal EGF-like repeats could mediate cell-cell hemophilic adhesion in a calcium-dependent manner, associate with E-cadherin, and modulate b-catenin-TCF (T-cell factor) signaling in non-invasive, epithelial-like MCF-7 breast-carcinoma cells (Lin et al., 2011) . However, whether SCUBE2 and E-cadherin directly interact and the specific domains that participate in their interactions remain unknown. In addition, whether the SOX transcription factors (structurally related to TCF) that can utilize b-catenin as a cofactor or antagonize b-catenin-TCF function (Kormish et al., 2010) are involved in SCUBE2-mediated signaling is unclear. In light of the crucial role of E-cadherin in the formation of adherens junctions and the maintenance of well-differentiated, minimally invasive epithelial traits, E-cadherin has been considered a potent invasion and/or tumor suppressor of breast cancer (Berx and Van Roy, 2001; Cowin et al., 2005; Strumane et al., 2004) . Likewise, loss of E-cadherin in the epithelialmesenchymal transition (EMT) during epithelial tumor progression leads to mesenchymal morphological features or a phenotype with increased cell migration and invasion (Perl et al., 1998; Vleminckx et al., 1991) , as well as metastasis Osada et al., 1996) .
However, whether SCUBE2 plays a role in controlling the migratory and invasive behaviors in breast-carcinoma cells remains unknown. In addition, the regulatory mechanism controlling the expression of SCUBE2 during EMT is poorly understood. In this study, we demonstrated that SCUBE2 forms a complex with E-cadherin and increases the formation of E-cadherin-containing adherens junctions by inducing the expression of forkhead box A1 (FOXA1; a positive regulator of E-cadherin) and subsequent transactivation of E-cadherin, which drives breast-carcinoma cells to undergo epithelial transition by reversing EMT. Furthermore, we showed that SCUBE2 was epigenetically inactivated by recruiting DNA methyltransferase 1 onto its CpG islands during EMT. Together, these results indicate that downregulation of SCUBE2 is part of the EMT program that plays important roles in modulating breast-cancer cell migration and invasion. Further exploration of SCUBE2 as a diagnostic or therapeutic target for human breast tumors is warranted.
RESULTS

SCUBE2 forms a complex and is co-expressed with E-cadherin in breast-carcinoma cells during EMT
We recently showed that SCUBE2, through its NH 2 -terminal EGFlike repeats, acts as a homophilic cell-cell adhesive module that can associate with E-cadherin and modulate b-catenin-TCF signaling in MCF-7 cells (Lin et al., 2011) . E-cadherin is a single-transmembrane glycoprotein with a large extracellular domain comprising five cadherin-motif subdomains and a short cytoplasmic domain that associates with three catenins (a, b and p120) linking E-cadherin to the actin cytoskeleton (van Roy and Berx, 2008) . We performed further analysis of the interaction between E-cadherin and SCUBE2 by using a series of E-cadherin cytoplasmic truncation forms (FL, D1, D2 and D3) and various SCUBE2 deletion mutant constructs (FL, ty97 and D4) including a mutant (D4) that cannot bind E-cadherin as a control (Fig. 1A-C) . Our data showed that the membrane-proximal cytoplasmic region (residues 732-820) is crucial in its association with the N-terminal EGF-like repeats of SCUBE2 (Fig. 1C) . Using confocal immunofluorescence, SCUBE2 was found to be consistently targeted to the plasma membrane at cell-cell contact sites where it colocalized with E-cadherin or b-catenin, two core proteins of the epithelial adherens junctions (Fig. 1D-G) . Further immunoprecipitation analyses identified that it formed a stable complex with E-cadherin or b-catenin in breast cancer cells (Fig. 1H) .
Because this juxtamembrane region is also the binding site for p120-catenin (van Roy and Berx, 2008), we examined whether overexpression of p120-catenin could affect the interaction of SCUBE2 with E-cadherin. As shown by co-immunoprecipitation assay (supplementary material Fig. S1 ), p120-catenin overexpression did not compete with, but further increased the association of SCUBE2 with E-cadherin. However, pull-down assays with a GST fusion protein containing the juxtamembrane region of the E-cadherin cytoplasmic domain (resides 732-820) and recombinant fragment of SCUBE2 (supplementary material Fig.  S2 ) did not reveal a direct interaction, which suggests that as-yetunknown protein(s) may connect the cytoplasmic juxtamembrane region of E-cadherin with the surface-tethered SCUBE2 into a complex. Furthermore, SCUBE2 expression is highly correlated with the expression of E-cadherin in an array of breast-cancer cell lines: high in MCF-7 and T-47D breast-cancer cells but absent in MDA-MB-231 and ZR-75-30 cells (supplementary material Fig.  S3 ). Of note, the former two cell lines were non-invasive and had an epithelium-like morphology, whereas the latter were highly invasive and MDA-MB-231 cells had a spindle-shaped, fibroblastic mesenchymal phenotype (supplementary material Fig. S3 ) (Zajchowski et al., 2001) .
To test whether SCUBE2 is co-regulated with E-cadherin and involved in EMT, we used a well-documented model of transforming growth factor b (TGF-b)-induced EMT (Fuxe et al., 2010) to assess expression of SCUBE2 and molecular markers associated with EMT by western blot analysis. TGF-b1 long-term treatment (14 or 21 days) had no apparent effect on apoptosis as evaluated by terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay or caspase-3 activation (supplementary material Fig. S4A -C) but did induce MCF-7 cells to undergo EMT, as evidenced by the acquisition of fibroblastic mesenchymal morphological features (supplementary material Fig. S4D ), loss of the epithelial marker E-cadherin, and gain of the mesenchymal marker vimentin (supplementary material Fig. S4E,F ). Importantly, SCUBE2 protein level was suppressed together with decreased E-cadherin protein level during TGF-b-induced EMT in a doseand time-dependent manner (supplementary material Fig. S4E,F) , which suggests that downregulation of SCUBE2 is part of the EMT program.
Ectopic SCUBE2 expression drives an epithelial phenotype and inhibits cell migration and invasion
To test whether direct expression of SCUBE2 alone could inhibit the TGF-b-induced EMT, we used a stable MCF-7 cell line with the expression of exogenous FLAG-tagged SCUBE2 (FLAG-SCUBE2) under the control of an inducible Tet-Off promoter as described previously ). In addition, the MCF-7 Tet-Off vector clones containing stable integration of the empty expression vector were used as a control. These MCF-7 Tet-Off cells were first cultured in the absence of doxycycline for 5 days to induce the expression of ectopic FLAG-SCUBE2 protein, followed by treatment of TGF-b1 to induce EMT. Interestingly, in contrast to control cells, ectopic SCUBE2 overexpression prevented TGF-b-induced cell scattering ( Fig. 2A, bottom panel) , impeded TGF-b-promoted loss of the epithelial marker E-cadherin at the lateral cell surface (Fig. 2B,C) , and inhibited accumulation of the mesenchymal marker vimentin (Fig. 2C) . The mRNA expression levels of SCUBE2, E-cadherin and vimentin were generally in agreement with their protein expression in these cells (Fig. 2D) .
In addition, we investigated whether SCUBE2 could drive mesenchymal-like breast-cancer cells to undergo an epithelial Fig. 1 . SCUBE2 colocalizes and forms a stable complex with E-cadherin and b-catenin at adherens junctions. (A) Domain organization of E-cadherin constructs (Myc epitope-tagged) including the full-length (FL) and the C-terminal deletion mutants (D1-3). SP, signal peptide; PRO, propeptide; EC, extracellular cadherin repeat; TM, transmembrane region; CD, cytoplasmic domain. Amino acid numbers start at the first methionine codon. (B) Domain organization of the SCUBE2 expression constructs (FL, ty97 and D4) used in this study. A FLAG epitope was added immediately after the signal peptide sequence at the N-terminus for easy detection. SP, signal peptide; E, EGF-like repeats; Cys-rich, cysteine-rich motifs; CUB, CUB domain. (C) The juxtamembrane region in the cytoplasmic domain of E-cadherin is crucial for its association with SCUBE2. Lysates of HEK-293T cells transiently transfected with the expression plasmid encoding the FLAG-tagged SCUBE2-FL, ty97 or D4 alone or together with the Myc-tagged E-cadherin FL, D1, D2 or D3 constructs were immunoprecipitated (IP) with anti-FLAG antibody, and associated protein levels were determined by western blot analysis (WB) with anti-Myc antibody (top panel) or by a reciprocal co-IP experiment (IP with anti-Myc antibody followed by anti-FLAG immunoblotting; second panel). The expression of FLAG-SCUBE2-FL, ty97 or D4 or all other Myc-tagged E-cadherin proteins was verified by anti-FLAG or anti-Myc western blot analysis, respectively (third panel and bottom panel). (D-G) SCUBE2 colocalizes with E-cadherin and b-catenin at cell-cell contact sites (arrows). Three-color confocal immunofluorescence microscopy of colocalization of SCUBE2 with E-cadherin or b-catenin (D, white). SCUBE2 (FLAG-tagged) localization was detected with rabbit anti-FLAG monoclonal antibody and Alexa-Fluor-488-conjugated goat anti-rabbit IgG (E, green). E-cadherin or b-catenin was detected with mouse anti-E-cadherin and Alexa-Fluor-594-conjugated goat anti-mouse IgG (F, red) or anti-b-catenin antibody conjugated with Alexa-Fluor-647 (G, blue). Scale bar: 10 mm. (H) SCUBE2 forms a complex with E-cadherin and b-catenin. Lysates of MDA-MB-231 control or SCUBE2-expressing cells were immunoprecipitated with anti-FLAG antibody to pull down FLAG-tagged SCUBE2 protein, and associated E-cadherin or b-catenin protein level was verified by western blot analysis with anti-E-cadherin or anti-b-catenin antibody (upper panel). Protein levels of SCUBE2, E-cadherin, b-catenin and b-actin (a loading control) were confirmed by western blot analysis (lower panel).
transformation when introduced into SCUBE2-negative MDA-MB-231 cells. MDA-MB-231 cells were engineered with the full-length SCUBE2 expression vector or empty vector (control) by a leniviral transduction system. Control cells were spindly, elongated, and dispersed, whereas overexpression of SCUBE2 transformed the fibroblastic, spindle-shaped MDA-MB-231 cells into epithelial clusters with a cobblestone growth pattern in monolayer culture much like MCF-7 cells (Fig. 3A) , and formed multicellular aggregates in suspension (supplementary material Fig. S5 ). Consistent with the morphological phenotypes (Fig. 3A) , MDA-MB-231 cells expressing ectopic SCUBE2 protein showed increased expression of E-cadherin (an epithelial marker) but decreased expression of the mesenchymal markers vimentin and N-cadherin at both the mRNA and protein levels, similar to epithelial-like MCF-7 control cells (Fig. 3B,C) . Interestingly, overexpression of a SCUBE2 mutant (D4) unable to bind E-cadherin produced no effect on epithelial transformation and upregulation of FOXA1 (a positive transcriptional activator of E-cadherin, see below), suggesting that SCUBE2-E-cadherin interaction is important for mediating SCUBE2-drived epithelial transition (supplementary material Fig. S6 ).
To determine the functional changes in cell behavior that occurred following SCUBE2 overexpression, we performed gap-closure migration (wound-healing) and Matrigel-coated Transwell invasion assays to characterize the control and SCUBE2-expressing MDA-MB-231 cells. MDA-MB-231 control cells were highly motile and invasive, but SCUBE2 overexpression significantly decreased both motility and invasiveness ( Fig. 3D,E) . Importantly, cell proliferation did not differ between the control and SCUBE2-expressing cells (data not shown), which excluded general cytostatic and cytotoxic effects caused by SCUBE2 expression in MDA-MB-231 cells. Thus, expression of SCUBE2 induces breast-cancer cells to undergo epithelial transition or a reversal of the EMT and suppresses the motility and invasive ability of invasive, mesenchyme-like MDA-MB-231 cells. Exogenous FLAG-SCUBE2 was detected by anti-FLAG antibody, whereas the total amount of SCUBE2 (a combination of endogenous and exogenous SCUBE2) was detected with anti-SCUBE2 antibody. RT-PCR analysis to determine the mRNA level of SCUBE2 (total or ectopic expression level), E-cadherin, vimentin, or GAPDH, which served as an internal control with first-strand cDNA from TGFb1-treated MCF-7 vector-or SCUBE2-expressing cells at the indicated times.
Knockdown of endogenous SCUBE2 disrupted the adherens junctions and concomitantly increased the migratory and invasive ability of MCF-7 breast-cancer cells
To further confirm the role of SCUBE2 in increasing the epithelial E-cadherin-containing adherens junctions and modulating cancer cell motility and invasiveness, we used two independent SCUBE2-targeting short hairpin RNA (shRNA) lentiviruses (SCUBE2-shRNA #1 and #2) to inhibit endogenous SCUBE2 expression in MCF-7 cells, which exhibit non-invasive and epithelium-like features (Zajchowski et al., 2001 ). As a negative control, cells were infected with an shRNA lentivirus targeting bacterial b-galactosidase (control shRNA). The efficiency of shRNA-mediated SCUBE2 knockdown (,90%) was confirmed by RT-PCR and western blot analyses (Fig. 4A ). Control-shRNA-treated cells retained an epithelial-cluster appearance that was similar to the parental MCF-7 cells ( Fig. 4B; Fig. 3A ), but the two independent SCUBE2-shRNA knockdown cell clones were dispersed and scattered with an increase in cell spreading and reduced cell-cell contacts (Fig. 4B) . In agreement with the morphological changes, knockdown of SCUBE2 induced EMT-like events by downregulating the epithelial E-cadherin and upregulating mesenchymal markers vimentin and N-cadherin at both the mRNA and protein levels (Fig. 4A) . Consistently, the intensity of E-cadherin immunofluorescence was markedly reduced at cell junction sites, which indicates the disruption and loss of the Fig. 4 . SCUBE2 knockdown leads to the loss of the E-cadherin-containing adherens junctions, induces EMT-like events, and increases the migration and/or invasion of MCF-7 cells. (A) Effect of endogenous SCUBE2 knockdown on the expression of EMT markers. Endogenous SCUBE2 expression was inhibited by two independent SCUBE2-targeting short hairpin RNA (shRNA) lentiviruses (SCUBE2-shRNA #1 or #2) in MCF-7 cells. A luciferase shRNA lentivirus was used as a negative control (control-shRNA). Efficiency of SCUBE2 knockdown and its effect on the expression of EMT markers (E-cadherin, vimentin and N-cadherin) were assessed by RT-PCR or western blot analyses using GAPDH or b-actin expression as an internal or loading control. Omission of template cDNA served as a negative PCR reaction control (-). (B) Effect of SCUBE2 knockdown on cellular morphology. Cells cultured under subconfluent conditions were photographed using phase-contrast microscopy. SCUBE2-knockdown cells were dispersed and exhibited migratory features including protruding filopodia at the cell edge, whereas control cells retained an epithelial-like appearance that was similar to parental MCF-7 cells (Fig. 3A) . Scale bar: 50 mm. (C) Effect of SCUBE2 knockdown on the formation of the E-cadherin-containing adherens junctions at the cell-cell contact sites. Confocal immunofluorescence microscopy with merged images of E-cadherin (green) and b-catenin (red) staining marking the adherens junctions seen in control-shRNA cells but not in two SCUBE2 knockdown cells (SCUBE2 shRNA #1 and #2). Scale bar: 10 mm. (D,E) Knockdown of endogenous SCUBE2 expression increased the migratory and invasive capabilities of MCF-7 breast-cancer cells. Migration and invasion assays were performed as described in Fig. 3 , except the invaded MCF-7 cells were stained with Crystal Violet and the OD 570 was measured to quantify the amount of DMSO-solubilized dye. All assays were performed in triplicate. Quantitative data are means 6 s.d.; *P,0.05, **P,0.01. E-cadherin-containing adherens junctions (Fig. 4C) . As a consequence, SCUBE2 knockdown, in contrast to its overexpression, promoted the motility and invasiveness of MCF-7 breast-cancer cells (Fig. 4D,E) . Again, the cell proliferation rate was comparable between the control and SCUBE2-silenced cells (data not shown). Together, these data indicate that SCUBE2 expression is essential to maintain the epithelial phenotype, with its long-term loss sufficient to induce subsequent mesenchymal transition.
SCUBE2 expression upregulates an E-cadherin transcriptional activator forkhead box A1 (FOXA1) to maintain the epithelial phenotype in breast-cancer cells Because SCUBE2 was colocalized and associated with E-cadherin-positive adherens junctions (Fig. 1) , and because several structural proteins associated with adherens junctions can mediate cellular signaling (Cowin et al., 2005; van Roy and Berx, 2008) , SCUBE2 expression might induce a transcriptional activator to reinstate the expression of E-cadherin in aggressive mesenchyme-like breast-carcinoma cells. Because E-cadherin expression during EMT or reversal of EMT could be transcriptionally repressed by members of TWIST, SNAIL and ZEB protein families (van Roy and Berx, 2008) or positively upregulated by FOXA1 , we sought to profile the expression of these E-cadherin transcriptional regulators. Western blot and RT-PCR analyses showed that SCUBE2 overexpression or knockdown did not substantially alter these E-cadherin repressors at both the mRNA and protein levels, except for TWIST, which was upregulated but unable to bind the E-cadherin promoter with SCUBE2 overexpression in MDA-MB-231 ( Fig. 5A-E) . Because SCUBE2 overexpression induced E-cadherin expression and drove an epithelial phenotype in MDA-MB-231 cells (Fig. 3) , such TWIST upregulation conflicts with its classical role as an EMT inducer, and its precise function in this context required further studies. Of note, a chromatin immunoprecipitation (ChIP) assay showed that SCUBE2 overexpression decreased the binding of SNAIL and ZEB1 to the E-cadherin promoter in MDA-MB-231 cells (Fig. 5E) . However, further studies are required to elucidate the underlying mechanism and the biological relevance of these findings related to the SCUBE2-mediated reversal of EMT.
In contrast, the nuclear protein level of FOXA1, a positive regulator of E-cadherin, was upregulated and associated with SCUBE2-induced E-cadherin mRNA and protein expression (Fig. 6A,E) . Furthermore, FOXA1 transactivates the E-cadherin promoter containing FOXA1 binding sites on a luciferase reporter assay (Fig. 6B,C) . We further examined the direct effect of FOXA1 on the E-cadherin promoter in MDA-MB-231 control and MDA-MB-231 SCUBE2-expressing cells by transient transfection with plasmids encoding full-length FOXA1 or two different FOXA1-targeting shRNAs (#1 and #2), respectively. With FOXA1 overexpression, activity of the E-cadherin promoter containing FOXA1-binding sites [E-cad (WT)-Luc] but not mutated FOXA1-binding sites [E-cad (Mut)-Luc] was greatly increased in MDA-MB-231 control cells (Fig. 6C, middle panel) . In contrast, knockdown of FOXA1 significantly suppressed the SCUBE2-mediated increase in the E-cadherin promoter activity (Fig. 6C, bottom panel) . In addition, a ChIP assay confirmed that endogenous FOXA1 protein indeed interacted with the DNA region that harbors a consensus FOXA-binding site [59-TGTTTG(T/C)-39] within the E-cadherin promoter (Fig. 6D) . Furthermore, we examined the effects of FOXA1 overexpression in MDA-MB-231 control and FOXA1 silencing in MDA-MB-231 SCUBE2-expressing cells on E-cadherin mRNA and protein expression as described above. FOXA1 overexpression could transactivate and upregulate E-cadherin in MDA-MB-231 control cells, but knockdown of FOXA1 to ,10% of control levels in MDA-MB-231 SCUBE2-expressing cells concomitantly diminished E-cadherin expression at both the mRNA and protein levels by ,90% as compared with control cells (Fig. 6E) . Given that FOXA1 can activate the E-cadherin promoter in SNAIL-or ZEB1-expressing MDA-MB-231 cells, we investigated whether FOXA1 is a dominant activating factor capable of overcoming E-cadherin-suppressing signals. Using MDA-MB-231 SCUBE2 cells, we showed that ectopic overexpression of SNAIL or ZEB1 alone was able to repress E-cadherin promoter reporter activity compared with the control cells (Fig. 5F ). Interestingly, coexpression of FOXA1 can overcome the suppression of the E-cadherin promoter mediated by SNAIL or ZEB1 (Fig. 5F ), indicating that FOXA1 has a dominant regulatory role on the E-cadherin promoter in breast cancer cells. Together, these data suggest that FOXA1 is important in mediating the SCUBE2-induced upregulation of E-cadherin and promotes an epithelial character in invasive MDA-MB-231 breast-cancer cells.
b-catenin is involved in SCUBE2-mediated induction of FOXA1
Because SCUBE2 overexpression resulted in increased expression of b-catenin protein (Fig. 1H ) and because b-catenin directly interacts with Sox17 to transcribe FoxA1 in Xenopus embryos (Sinner et al., 2004) , we then investigated how SCUBE2 overexpression regulates the expression of b-catenin and whether b-catenin participates in upregulation of FOXA1 and E-cadherin in breast cancer cells. RT-PCR and western blot analyses with anti-b-catenin antibody or anti-b-catenin phosphorylationspecific antibodies showed that SCUBE2 expression is positively associated with b-catenin expression at the mRNA transcriptional level (Fig. 7A) but not by post-translational regulation of its stability and localization such as phosphorylation at Ser33, Ser37, Thr41 or Tyr654 (Fig. 7B ). In addition, we found that both SOX4 and SOX7, which can interact with b-catenin and modulate b-catenin-mediated transcription (Sinner et al., 2007; Takash et al., 2001) , are closely associated with b-catenin and SCUBE2 expression in breast cancer cells (Fig. 7C) . We then examined whether b-catenin is involved in SCUBE2-induced FOXA1 upregulation by shRNA silencing experiments. Knockdown of b-catenin concomitantly suppressed FOXA1 and E-cadherin expression at both mRNA and protein levels in MDA-MB-231 SCUBE2-expressing cells (Fig. 7D,E) , which suggests that b-catenin, possibly in cooperating with SOX protein, is an essential upstream transcriptional regulator of its target gene FOXA1 when SCUBE2 is overexpression.
Methylation of CpG sites near the first exon of SCUBE2 gene is crucial for repression of its expression Because SCUBE2 is co-regulated with E-cadherin and loss of E-cadherin expression is regulated by transcriptional repressors such as SNAIL, SLUG and ZEB (van Roy and Berx, 2008) or by epigenetic regulation, including DNA methylation and histone deacetylation, in several cancer cell lines (Koizume et al., 2002) , we investigated the role of classical repressors of E-cadherin on SCUBE2 expression and whether these epigenetic modifications are involved in suppression of SCUBE2 mRNA and protein expression in breast-cancer cells. To determine whether these E-cadherin repressors directly regulated SCUBE2 at the . RT-PCR analysis using first-strand cDNAs derived from MDA-MB-231 (A) or MCF-7 (C) breast-carcinoma cell lines. GAPDH expression was amplified as an internal control and lack of cDNA was a negative control (2). Western blot analysis of protein expression of the EMT inducers in the indicated MDA-MB-231 (B) or MCF-7 (D) cells with the specific antibody for each EMT-inducing E-cadherin repressor. Nuclear protein lamin A/C expression was used as a loading control. The expression of the EMT inducers remained basically unaltered at both the mRNA and protein levels, except TWIST was induced by SCUBE2 overexpression in MDA-MB-231 cells. Because SCUBE2 overexpression induces E-cadherin expression and drives an epithelial phenotype in MDA-MB-231, such upregulation of TWIST is contrary to its accepted function as an EMT inducer and its exact function in this context requires further studies. (E) Effect of SCUBE2 overexpression on the binding of the classical EMT inducers to the E-cadherin promoter. ChIP assay with antibodies specific to each E-cadherin repressor (TWIST, SNAIL, SLUG, ZEB1 or ZEB2) to determine the binding of these repressors to the E-cadherin promoter in MDA-MB-231 control and SCUBE2-expressing cells analyzed by PCR with specific primers for E-cadherin amplifying a 92-bp fragment (see Fig. 6B ). n.s., non-specific PCR product. (F) FOXA1 overcomes suppression of the E-cadherin promoter mediated by SNAIL and ZEB1. In MDA-MB-231 SCUBE2 cells, the expression plasmid encoding FOXA1, SNAIL or ZEB1 was transfected alone or in combination as indicated. Two days after transfection, promoter activity was determined by dual-luciferase assays. Luciferase activity was corrected for Renilla luciferase activity (pRL-TK) to control for transfection efficiency. Data are means 6 s.d. of three experiments; *P,0.01. transactivates the E-cadherin promoter-driven luciferase activity. Quantification of activity of E-cadherin WT or Mut promoter constructs transiently transfected into MDA-MB-231 control or SCUBE2-expressing cells. Luciferase activity was corrected for Renilla luciferase activity (pRL-TK) to control for transfection efficiency. Data are means 6 s.d. of three experiments; *P,0.05 compared with the vector control. Note that transactivating activity of the E-cadherin promoter was higher when FOXA1 was overexpressed, whereas the FOXA1-medaited transactivation was completely abolished when the FOXA1-binding sites were mutated. (D) FOXA1 directly binds to the E-cadherin promoter. ChIP assay of in vivo binding of FOXA1 protein to the promoter of E-cadherin in MDA-MB-231 control and SCUBE2-expressing cells analyzed by PCR with specific primers for E-cadherin amplifying a 92-bp fragment (see Fig. 6B ). Lack of cell lysates (2) or control IgG were used as negative controls. (E) Effects of FOXA1 overexpression or knockdown on the expression of E-cadherin. FOXA1 was overexpressed in MDA-MB-231 control cells (left panels), but its expression was suppressed by two independent FOXA1-targeting short hairpin RNAs (shRNAs; FOXA1-shRNA #1 or #2) in MDA-MB-231 SCUBE2 cells (right panels). An shRNA targeting bacterial b-galactosidase was used as a negative control (Control-shRNA). RT-PCR is shown in the upper panel, western blot (WB) analysis for FOXA1 overexpression or knockdown in nuclear fractions is shown in the middle panel, and its effect on the expression of E-cadherin in cell lysates is shown in the lower panel. Anti-lamin A/C blotting served as a nuclear marker, whereas anti-GAPDH blotting was a cytosolic marker and loading control. transcriptional level, we first performed a promoter assay in SCUBE2-expressing MCF-7 cells by transfecting the expression plasmids encoding these repressors individually. SCUBE2 promoter reporter activity remained relatively unaltered, whereas E-cadherin promoter activity was significantly suppressed by these EMT inducers (supplementary material Fig. S7A ). Consistently, overexpression of these E-cadherin repressors has no effect on SCUBE2 expression at both mRNA and protein levels (supplementary material Fig. S7B-D) . Our results suggest that these classical repressors of E-cadherin may not be involved in the downregulation of SCUBE2 in breast-carcinoma cells. We then treated SCUBE2-negative MDA-MB-231 cells with 5-aza-29-deoxycytidine (AZA), a DNA demethylation agent; trichostatin A (TSA), a histone deacetylase inhibitor; or both (supplementary material Fig. S8 ). Treatment with AZA or AZA plus TSA had greater effects than TSA alone on upregulation of SCUBE2 and E-cadherin at both mRNA and protein levels (supplementary material Fig. S8A,C) . Thus, DNA methylation but not histone acetylation may play a major role in regulating SCUBE2 gene expression in breast-carcinoma cells.
Genomic analysis revealed CpG islands at the 59 flanking promoter and downstream of the first exon region of SCUBE2 (supplementary material Fig. S9A ). To delineate which clusters of CpG sites are involved in regulating SCUBE2 expression, we generated three independent luciferase reporter gene constructs containing: (1) an upstream ,1.5-kb promoter (Prom-Luc), (2) a genomic fragment containing exon 1 and a 59 part of intron 1 (Ex1+In1-Luc) or (3) a 39 part of intron 1 and exon 2 (In1+Ex2-Luc) (supplementary material Fig. S9A ). We prepared methylated or unmethylated plasmid DNAs of these three constructs and transiently transfected them into MCF-7 cells to determine whether the transcriptional activity of these proximal SCUBE2 promoter regions was sensitive to DNA methylation (supplementary material Fig. S9B ). Luciferase activity assay revealed that in vitro methylation of the Ex1+In1-Luc or In1+Ex2-Luc but not the Prom-Luc plasmid significantly inhibited transcriptional activity in MCF-7 cells (supplementary material Fig. S9C ). Thus, SCUBE2 expression is indeed repressed by DNA methylation in breast-cancer cells, which may be specifically attributed to the CpG sites downstream of exon 1.
Methylation status and recruitment of DNA methyltransferase 1 to the SCUBE2 CpG sites during TGF-b1-induced EMT Because the Ex1+In1-Luc reporter activity was much reduced by DNA methylation and contained more CpG sites, we focused on this regulatory region to quantify its DNA methylation levels. Mass spectrometry of base-specific cleaved amplification products (Sequenom EpiTYPER assay) of the four breastcancer cell lines revealed the CpG island downstream of exon 1 in a single amplicon (position +159 to +592 nt; Fig. 8A ). The level of DNA methylation was inversely associated with SCUBE2 mRNA expression (Fig. 8B) : MDA-MB-231 and ZR-75-30 cells with no or low SCUBE2 expression showed a high degree of methylation (.70% of detectable CpG sites) compared with SCUBE2-positive breast-cancer cells MCF-7 or T47-D. Therefore, CpG methylation status downstream of exon 1 has an important role in SCUBE2 expression in breast-carcinoma cells. To further validate the CpG methylation status, we designed methylation-specific primers to target CpG sites downstream of exon 1 of SCUBE2 on the basis of quantitative DNA methylation results. We detected an unmethylated allele only in SCUBE2-positive MCF-7 and T-47D cells, but methylated bands were markedly amplified in SCUBE2-negative MDA-MB-231 and ZR-75-30 cells (Fig. 8C) . Thus, the downstream region of exon 1 has an important role in methylation-related gene silencing of SCUBE2 in breast-carcinoma cells.
We further investigated whether epigenetic alterations were involved in repressing SCUBE2 expression in these cells with TGF-b-induced EMT. Epigenetic modifications in the regulatory region of the SCUBE2 gene were assessed by methylationspecific PCR (MSP). DNA methylation of the SCUBE2 locus started at day 7 and peaked at day 21 with TGF-b1 treatment in MCF-7 cells (Fig. 8D) . Therefore, downregulation of SCUBE2, along with decreased E-cadherin level, is a dynamic event followed by a sequential and progressive increase in DNA hypermethylation of the regulatory CpG sites in the SCUBE2 gene during TGF-b-induced EMT.
Because DNA methyltransferase 1 (DNMT1), the major DNMT in adult cells, catalyzes DNA methylation and contributes to the CpG-island hypermethylation of tumor-suppressor genes, including E-cadherin (Suzuki et al., 2004; Wang et al., 2008) , we determined whether DNMT1 is upregulated and binds to the CpG sites near exon 1 of SCUBE2. Western blot analysis and a ChIP assay revealed higher DNMT1 protein expression with predominant binding to the CpG island near exon 1 in MDA-MB-231 cells that did not express SCUBE2 than in SCUBE2-expressing MCF-7 cells (supplementary material Fig. S10 ). In line with these findings, treatment with TGF-b1 for 21 days to induce EMT increased the expression of DNMT1 (Fig. 8E) and binding of DNMT1 to the regulatory CpG sites at the SCUBE2 locus in MCF-7 cells (Fig. 8F) . Furthermore, we performed gainand loss-of-function experiments to confirm the effect of DNMT1 on DNA methylation and expression of SCUBE2. DNMT1 overexpression increased DNA methylation and suppressed SCUBE2 expression in MCF-7 cells, whereas DNMT1 knockdown decreased DNA methylation and upregulated SCUBE2 expression in MDA-MB-231 cells (Fig. 8G) . Therefore, DNMT1 is upregulated and actively recruited to methylate the SCUBE2 CpG sites, which subsequently inactivates the expression of tumor-suppressor SCUBE2 during TGF-b-promoted EMT. (van't Veer et al., 2002) and thereafter repeatedly reported as a breast-tumor-associated gene by several large-scale microarray gene expression profiling analyses (Paik et al., 2004; Paik et al., 2006; . Interestingly, SCUBE2 is the only gene commonly described in reports of these studies (Fan et al., 2006) , so SCUBE2 must play a crucial role in breast-cancer biology. In support of this notion, the expression of SCUBE2 and 15 other breast-cancer-related genes have been clinically used to calculate a predictive score in guiding adjuvant treatment for breast-cancer patients (Kim and Paik, 2010; Sparano and Paik, 2008) . In addition, our previous clinical-association study suggested that SCUBE2 is a prognostic marker for a favorable clinical outcome and is a novel breast-tumor suppressor (Lin et al., 2011) . However, the functions of SCUBE2 in breast-cancer cell motility and invasion and the gene regulatory mechanism for this tumor suppressor during breast-cancer progression are largely unknown.
DISCUSSION
SCUBE2 was initially identified
In this study, we first demonstrated that SCUBE2 was co-expressed with E-cadherin in a number of breast-cancer cell lines (supplementary material Fig. S3 ). Overexpressed SCUBE2 could interact with and increase the formation of the Three days after transfection, RT-PCR, methylation-specific PCR (MSP) and western blot (WB) analyses were performed to determine the effects of DNMT1 gainand loss-of-function on DNA methylation and SCUBE2 expression. The MSP products labeled M (methylated) were generated by methylation-specific primers and those labeled UM (unmethylated) were generated by primers specific for unmethylated genomic DNA.
E-cadherin-b-catenin complex in invasive MDA-MB-231 breastcancer cells (Fig. 1D-H) . Consistent with these findings, introduction of SCUBE2 to these cells elevated the expression of epithelial E-cadherin and downregulated the mesenchymal markers vimentin and N-cadherin (Fig. 3) , thus promoting an epithelial transition by reversing EMT. Consequently, SCUBE2 overexpression induced the formation of adherens junction-like strands on the membrane at cell-cell contacts (Fig. 1D-G) and transformed cells from a fibroblastic phenotype to an epithelialike one that formed multicellular aggregates (Fig. 3A and  supplementary material Fig. S5 ). These SCUBE2-expressing cells also showed markedly reduced cell motility and invasion activity (Fig. 3D,E) . Because cell dissociation, motility and invasion are key early events in the metastatic process, SCUBE2 may be a breast-cancer invasion and metastasis suppressor by inhibiting breast-cancer progression at the initial step of metastasis. Overall, these findings are in agreement with the prognostic value of SCUBE2 in breast tumors, in that patients with SCUBE2-positive tumors had better disease-free survival than those with low or negative SCUBE2-protein-expressing tumors . However, further studies are needed to elucidate the signaling pathway underlying the anti-migratory and anti-invasive functions of SCUBE2 in breast-carcinoma cells.
It is of interest to note that the E-cadherin-binding element (i.e. the EGF-like repeats) in SCUBE2 is extracellular, whereas SCUBE2 interacts with the cytoplasmic domain of E-cadherin (Fig. 1) . In addition, our GST fusion protein pull-down assays did not reveal a direct interaction between SCUBE2 and E-cadherin, suggesting that as-yet-unknown protein(s) may connect the cytoplasmic juxtamembrane region of E-cadherin with the surface-tethered SCUBE2 into adherens junction complexes to elicit b-catenin-SOX signaling and FOXA1 upregulation. Similar to our previous study showing that SCUBE2 can modulate b-catenin signaling (Lin et al., 2011) , here we found that SCUBE2 expression is positively associated with b-catenin expression at the mRNA transcriptional level but not by posttranslational regulation of its stability and localization (Fig. 7) . Unlike its conventional role with a reduced b-catenin and TCF transcriptional activity in epithelial cells, the SCUBE2-induced expression of SOX proteins may regulate b-catenin-TCF activity in the context of mesenchymal cells as seen in this study. In support of this notion, it has been reported that b-catenin and SOX17 can interact to transcribe endodermal gene expression of FoxA1 in Xenopus embryos (Sinner et al., 2004) and both SOX4 and SOX7 that are closely associated with b-catenin and SCUBE2 expression in breast cancer cells (Fig. 7) can interact with b-catenin and modulate b-catenin-mediated transcription (Sinner et al., 2007; Takash et al., 2001) . Previous molecular and cell biology studies revealed that FOXA1, a forkhead family transcription factor, can directly bind and transactivate the promoter of E-cadherin . When overexpressed, it induces the formation of E-cadherincontaining adherens junctions and transforms invasive MDA-MB-231 cells from being spindle-shaped to more epithelial like, with a concomitant decrease of motility . Furthermore, FOXA1 has been shown to be a 'pioneer factor' of chromatin remodeling that can open compacted chromatin through its C-terminal domain to facilitate further transcription (Carroll et al., 2005; Cirillo et al., 2002) . Therefore, highly expressed FOXA1 protein probably can activate a silent E-cadherin promoter by its dual functions not only as a potent transactivator (Fig. 6) but also a chromatin remodeler to decrease the binding of the transcriptional repressors SNAIL and ZEB1 to the E-cadherin promoter (Fig. 5E,F) . However, further investigations are needed to verify this hypothesis. In contrast, silencing of FOXA1 is sufficient to promote EMT (Song et al., 2010) . Consistent with these findings, clinical studies showed that FOXA1 expression is a positive prognostic factor among patients with ER-positive tumors (Badve et al., 2007; Hisamatsu et al., 2012) . In this study, we identified that SCUBE2 functions upstream, on the plasma membrane at adherens junctions to trigger induction of FOXA1 possibly by b-catenin-SOX transcriptional activity and subsequent E-cadherin upregulation (Fig. 7) . Because this SCUBE2-b-catenin/SOX-FOXA1-Ecadherin pathway does not depend on the regulation of wellestablished E-cadherin repressors such as TWIST, SNAIL, SLUG, ZEB1 or ZEB2 (Fig. 5) , it adds a novel mechanism to the regulatory circuits defining the differentiation state of breast-cancer cells.
Besides genetic mutations, epigenetic modifications such as DNA methylation of the E-cadherin gene promoter play a role in malignant tumor transformation (Grady et al., 2000; Graff et al., 1995; Yoshiura et al., 1995) . Likewise, the loss or downregulation of SCUBE2 expression is regulated by DNA hypermethylation at the CpG islands downstream of exon 1, as evidenced by bisulphite sequencing and MSP (Fig. 8) . Consistently, treating SCUBE2-negative MDA-MB-231 breast-cancer cells with AZA (a DNA methyltransferase inhibitor) reversed the hypermethylation status and restored both SCUBE2 and E-cadherin mRNA and protein expression (supplementary material Fig. S8 ). Most importantly, during TGFb-induced EMT, SCUBE2 was downregulated by DNA hypermethylation with upregulation and recruitment of DNMT1 to the regulatory CpG sites at the SCUBE2 locus in MCF-7 breast-cancer cells (Fig. 8) . DNMT1 may play a role in regulating SCUBE2, together with E-cadherin, for both EMT and the reversal of EMT, during breast-cancer progression.
Of note, unlike E-cadherin, which is silenced by 59 promoter CpG-island methylation (Grady et al., 2000; Graff et al., 1995; Yoshiura et al., 1995) , with SCUBE2 expression, the intrinsic CpG sites immediately downstream of exon 1 appear to play an essential role in DNA-methylation-mediated inactivation by active recruitment of DNMT1 in breast-carcinoma cells. Although CpG islands are generally found at the 59 promoter region of genes, methylation of CpG islands far downstream of the transcription start site (Medvedeva et al., 2010) or within both exons and introns (Kim et al., 2008; Lu et al., 2001) can regulate gene expression. However, the precise mechanisms of the binding of DNMT1 to these SCUBE2 intrinsic CpG sites remain to be further explored. One possible mechanism, described for E-cadherin repression during EMT (Dong et al., 2012) , is whether G9a (a histone lysine methyltransferase) could interact with DNMT1 directly for recruitment to the SCUBE2 CpG sites by associating with SNAIL, thus leading to SCUBE2 DNA hypermethylation and EMT induction.
In summary, our data unveiled previously unknown antimigratory and anti-invasive functions of a newly discovered breast-tumor-associated gene, SCUBE2. Mechanistically, SCUBE2 acts as a tumor migratory and invasive suppressor by increasing the formation of E-cadherin-b-catenin adhesive complexes on the plasma membrane and drives epithelial differentiation through the reversal of EMT. Furthermore, TGF-b-mediated upregulation and recruitment of DNMT1 to regulatory CpG islands are crucial molecular events epigenetically inactivating this novel breasttumor suppressor during EMT. This study highlights the important roles of SCUBE2 in breast-cancer progression and suggests further exploration of SCUBE2 as a diagnostic or therapeutic target for breast tumors.
MATERIALS AND METHODS
Antibodies
Anti-SCUBE2, anti-DNMT1 and anti-N-cadherin polyclonal antibodies were from GeneTex (Irvine, CA, USA). E-cadherin and b-actin antibodies were from BD Biosciences (San Jose, CA, USA) and NOVUS Biologicals (Littleton, CO, USA), respectively. Vimentin, SNAIL, SLUG and lamin A/C antibodies were from Cell Signaling Technology (Danvers, MA, USA). FOXA1 and TWIST antibodies were from Abcam (Cambridge, MA, USA). ZEB1 and ZEB2 antibodies were from Santa Cruz Biotechnology (Dallas, Texas, USA).
Expression plasmids and the luciferase reporter vectors
The expression plasmids encoding SCUBE2 or E-cadherin were constructed as described previously (Lin et al., 2011 ). An expression plasmid encoding FOXA1 (pcDNA3-FOXA1) and the E-cadherin promoter luciferase reporter plasmid were kind gifts from Ji Hshiung Chen (Tzu Chi University, Taiwan) as described .
Cell culture MCF-7, T-47D, MDA-MB-231 and ZR-75-30 human breast-cancer cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA). MCF-7 and MDA-MB-231 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 100 units/ml penicillin and 100 mg/ml streptomycin. T-47D and ZR-75-30 breast cancer cells were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum, 1 mM sodium pyruvate, 100 units/ml penicillin, and 100 mg/ml streptomycin.
TGF-b1 treatment
MCF-7 cells (5610 5 cells) were seeded into 6-cm dishes for 18 hours. Cells were washed with phosphate-buffered saline (PBS) and incubated in serum-free medium for 24 hours. Cells were treated with 10 ng/ml TGF-b1 (in 1% fetal bovine serum medium) for 7, 14 and 21 days, with medium replaced with fresh TGF-b1 every 3 days.
Immunoprecipitation and western blot analysis
Cancer cells were washed once with PBS and lysed for 15 minutes on ice in lysis buffer. Lysates were clarified by centrifugation at 10,000 g for 15 minutes at 4˚C. Samples underwent immunoprecipitation and western blot analysis as described ).
RT-PCR
Total RNA was prepared from cultured cells by the TRIzol method (Life Technologies, Grand Island, NY). First-strand cDNA synthesis with SuperScript II reverse transcriptase (Life Technologies) used 5 mg RNA. One-tenth of the first-strand cDNA reaction was used for each PCR as a template. Primers are listed in supplementary material Table S1 . The PCR products were run on a 1% agarose gel.
Confocal immunofluorescence microscopy
MDA-MB-231 control, SCUBE2-expressing or MCF-7 cells were fixed in 4% formaldehyde, blocked with 2% fetal bovine serum for 1 hour, and incubated with mouse anti-E-cadherin antibody and rabbit anti-vimentin antibody for 1 hour. Slides were washed three times with PBS and stained with Alexa-Fluor-488-labeled anti-mouse IgG antibody and Alexa-Fluor-594-labeled anti-rabbit IgG antibody for 1 hour, then washed three times in PBS and mounted with VECTASHIELD mounting medium and DAPI (Vector Laboratories, Burlingame, CA, USA). Fluorescence images were captured at room temperature under a confocal microscope (model LSM 510; Carl Zeiss, Thornwood, NY, USA).
Cell aggregation assay
MDA-MB-231 control and SCUBE2-expressing cells were detached by treatment with trypsin (0.01%)-EDTA (2.5 mM) and suspended in DMEM containing 5 mM CaCl 2 or Ca 2+ free DMEM, at 1610 6 cells/ml in polystyrene tubes. Then tubes were incubated on a rotating platform (10 rpm) at 37˚C for 9 hours. The cell aggregation was viewed microscopically and photographed. For quantification, cell clusters of more than four cells were considered as aggregates. The data are means 6 s.d. of three independent experiments performed in duplicate.
Cell migration assay
For the breast cancer cell migration assay, a culture insert (IBIDI GmbH, Martinsried, Germany) was placed into one well of a 24-well plate. An equal number of MDA-MB-231 control, SCUBE2-expressing, MCF-7 control-shRNA, or SCUBE2-shRNA cells (100 ml; 5610 4 cells/ml) were added into the two reservoirs of the same insert and incubated at 37˚C, 5% CO 2 . After 16 hours, the insert was gently removed, thus creating a gap of ,500 mm. The well was filled with complete growth medium and migration was observed by live-cell imaging with a microscope (model IX71, Olympus, Center Valley, PA, USA).
Cell invasion assay
For invasion assays, cells were suspended in serum-free medium and plated in duplicate in the top well of Matrigel invasion chambers (8-mm pore size; BD, Franklin Lakes, NJ, USA). Complete medium was placed in the lower chamber and cells were allowed to invade for 18 hours at 37˚C, 5% CO 2 . Cells in the upper chamber were removed using a cotton swab, and cells on the lower chamber were fixed in methanol and stained with Crystal Violet. The number of invasive cells was counted for three random fields per experiment from three independent experiments.
Luciferase reporter assay MCF-7, MDA-MB-231 control, and SCUBE2 cells were plated in 24-well plates (1610 5 cells/well) and incubated overnight at 37˚C. The next day, cells were transfected with 0.5 mg SCUBE2 promoter, exon 1, exon 2 (MCF-7 cells) or E-cadherin promoter (MDA-MB-231 cells) luciferase constructs and internal control (0.05 mg pRL-TK Renilla luciferase plasmid) with FuGENE HD (Promega, Madison, WI, USA) according to the manufacturer's instructions. Cells were cultured for an additional 2 days, harvested and prepared for reporter assay with the Dual-Luciferase reporter assay system (Promega).
Pull-down assay
Recombinant HA-tagged p120-catenin protein (HA-p120-catenin), FLAG-tagged SCUBE2-FL, -ty97 or -D4 (FLAG-SCUBE2-FL, -ty97, -D4) protein was produced by overexpression from HEK-293T cells. The GST-E-cadherin protein was mixed with FLAG-SCUBE2 protein bound to anti-FLAG M2-antibody agarose beads or control beads in 0.5 ml binding buffer [40 mM HEPES (pH 7.5), 100 mM KCl, 0.1% Nonidet P-40 and 20 mM 2-mercaptoethanol]. After incubation for 4 hours at 4˚C, the beads were washed extensively, and interacting protein was visualized by immunoblotting using anti-GST antibody.
Drug treatment
5-aza-29-deoxycytidine (AZA) and trichostatin A (TSA) were obtained from CalBiochem (San Diego, CA, USA) and Sigma (St Louis, MO, USA), respectively; dissolved in DMSO and prepared as a 1000-fold concentrated stock solution; and added to the culture medium at 1:1000 dilution according to the experimental procedure. MDA-MB-231 cells were treated with 10 mM AZA for 96 hours, with medium replaced with fresh AZA every 12 hours. TSA (300 nM) was added to cells 24 hours before the end of experiments.
